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NATTONAL ADVISCRY COMMITTEE 0K ALRONAUTICS

ADVANCE CONSIDENTTAL REPORT

SIMPLE CTURVES POR DIETERMINING THE ZFFECTS
OF COVMPRESSIRILITY QN PRESSURE DKOP THROUGH RADIATORS

By John V. Becker and Donald D. Baals

SULMARY

Simole curves are presented by which the basic
pressure-drop characteristics of unheated tubular
radiators can re corrected to opnecrating conditions 1in
which the radifatsar is heated and in which the Nach number
of the tube flow is of appreciable magnitude. The only
data recuired for the use of the curves are the radiator
dimensione, the rate of heat inout, the pressure and
temperature ahead of the radiater, and the rate of mass
flow of air through the radiator.

The accuracy of the curves for predicting the
compres3ibility effects for unheated radiators 1is
confirmed by comparison with test duta obtained from two
Aindependent sources. An examnle of the use nf the curves
for a tynical oil-cooler installatlion is given.

INTRODIUCTION

The pressure-drop coefficient for a cold tubular
radlator, as usually determined from tests with low
airspeed in the tubes, is known to be subject to
correction if the radlilator is operated under conditions
in which an aopreciable density decrease occurs as the
alr passes along the tube. This decrease in Jdensity may
be caused by the increase in absolute temperature due to
the acddition of heat, by the reduction in absolute static
pressure due to the pressure drop within the tube, or by
both. The density decrease due to the addition of heat
is important under all ovperating conditions, but the
density decrease due to the stuatic-pressure reduction
becomes imnortant only when the pressure drop i1s appreci-
able in cormparison with the absclute static pressure -
that 13, when the Mach number of the tube flow hecomes
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2 CONFIDENTIAL NACA ACR No. L4123

of appreciable magnitude (reference 1l). In high-speed
airplanes, neglect of the Mach number effect will result
in sizable underestimation of the nressure drop reguired
to induce the necessary cooling-air flow.

A number of investigators have demonstrated that
comnressibility has no aopreciable effect on the heat-
transfer coefficient. The temperature difference on
which the heat-transfer calculations at high Mach numbers
must be based, however, is the difference between the
wall tempersture and the stagnation temperature of the
cooling air rather than the true temperature of the
cooling air. (See reference 2.) Test data on the heat-
transfer characteristics obtained at any test Mach number
may thus be used to determine the mass flow required for
cooling for the design condition. 1In the present report
the mass flow is assumed to have been so determined i
and the report is ccncerned only with the determination
of the pressure drop necessary to induce the reguired
mass flow.

The purnose of the present paper is to present
curves from which the basic opressure-drop characteristics
of cold radiators can be corrected to operating conditions
In which the radiator is heated and the Mach number of
the tube flow is of appreciable magnitude. The only
requirement for the use of the curves is knowledge of
the radiator dimensions, the rate at which heat is to be
dissipated, the vressure and temperature ahead of the
radiator, and the rate of mass flow of air through the
radiator. The curves are constructed for a Mach number
range from zero to the maximum attainable Mach number
corresponding to existence of sonic velocity at the
exits of the tubes.

A knowledge of the theory by which the curves are
derived is not essential to their use. For the sake of
completeness, however, this theory is briefly reviewed
herein. For the convenience of the reader, the report
i1s presented under three main headings. The theory is
founéd in the section entitled "Analysis." The validity
of the theory and the accuracy of the curves 1s confirmed
by comparison with experimental data obtained rrom
references 3 and i in the section entitled "Comparison
of Theoretical Results with Experimental Data." The use
of the curves 1s illustrated by a tyolcal example in the
section entitled "Example of Use of Curves."
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Cp

Df

AP

SYMBOLS
cross-cectional area of duct or rediator tube,
square feet
velocity of sound in air, feet per second

skin-friction coefficient (Dr/dp,S)

mean skin;friction drag coefficient of radiator
tube KDf/qrgAra)

specific heat at constant pressure (for air,
0.2l Btu/1v/°%)

drag lorce due to skin friction in a radiator
tube

radiator-tube diameter, fecet

acceleration of gravity, feet per second per
second

heat added in radiator, Btu per second
total pressure, pounds per square foot
total-pressure loss, pounds per square foot
rédiator—tube length, feet

Mach number (v/a)

mass-flow rate, slugs per second

mass-flow rate at which sonic velocity Is attained

at tube entrance (% = 9)

static pressure, pounds per square foot
static-pressure decrease, pounds ver square foot

dynamic pressure, vounds ver sjuare foot (%pv%>

CONFIDEKNTIAL
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Reynolds nusber (pva or —mg—\
\ b RELY.

area of inside surface of radiator tube, square
feet

air temperature, ©OF absolute
air temperature rige, OF

velocity in radiator tube or in duct, feet per
second

density, slugs per cubic foot

A
compressibility factor R N\ SR |
I Lo 1600

viscosity of alr, nound-seconds per square foot

Subscrints (see fig. 1):

2

N

r2
'3

station in duct aheesd oI radiator
station in duct behlnd radiator

friction component

low sneed, incompressible-flow condition
within radiator at tube cntrances

within radiator at tube exits

ANALYSIS

Derivation of Equation Relating Pressure Drops for

Comrpressible and Incomrressible *low

drop across the radiator 1s taxen as the difference
between the total pressure at a statlon just ahead of
thie front face of the radiutor and the static pressure
at the tube exits. A dlagram of Lthe flow system across
the radiator is shown in figure 1. The station desig-

nations used in this figure were taken ifrom reference 1.
The pressure dron across the radlator for this system 1s

CONFIDENTIAL
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defined by the equation
Ap = ha - Dr5

It will be shown subsequently herein that the results of
the an«lvois cun Do aopplied to other definitions of the
presaare dvsm, auch as py - Pz, Do - Drf’ or hy - h5.

The orocsure drop can be conveniently divided into
two commoliinti:  thic pressure drop due to acceleration
of the «lr into the tube entrance and the pressure drop
within the tabs dus to friction and momentum change.
From equation 13 of relerence 1, Ap may be expressed as
the sum of these two components:

|
|
}

i E 4 )
WAra Fcrgl l
[

fr, :
qr2 K;;; - /) (1)

This equation can be evaluated with the aid of data given
in references 1 and 5, but the orocess 1s not simnle. The
nroblem can be simpnlified by assuming that the pressure
drop for c¢old incompressible-flow conditions, herein
designated 4ap3, 1s imown [from bvasic test data for the
radiator. The value of Apn for operating conditions

can then be obtalned if the ratio Ap/Api is evaluated.
"rom equation (1), for the incomnressible unheated

:>|H)"

condition K\ = 1s, Bzg = l.d\, the calculated value of

P; /
Apy 1s simoly /- \
/ Dr,
ADi = qrz + qrd ( E;EXITE (2)
\
i - - 1 m \e 3
More specifically, since qI,2 = ?55 K__) in incom-
ra
tble 1 i laced by C
w — 13 e
pPress e oW an Troars replac y Dry »
Apy = 1 +¢C 2a
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An approximate aponlication of equation (2a) that 1s
in general use for estimating radlator pressure drops for
conditions other than the test condition is

p .
A=A dtest
P = BPpest o

The "test" vressure drop is measured with the mass flow m
required for the design heat dissipation. This formvla
obviously neglects both Keynolds number effects (changes
in CDfi) and cormpressibility effects, both of which are

too large t5> be neglected in many present-day applications.

It is convenient ut this point to list the equations
for evalusting A4p: for all usable definitions of the
radiator pressure dron. Fro. ejuation (&) or (2a),

h2 = pI‘5
- =1 + Cpp (2b)
ql":_). it S

1

2
Ar.a
Similarly, since n, = hy - qp and Q) = Qqp, \ 73 y

P
. o XD
fﬂa = Prz\ _ / r2\
) o -\ (2¢)
‘T’C\' "y ok \

[Po> = Oi\
In order to evaluate _q ,) an assumptio-n must be
-
[+ g

made as to the location of station 3. 7Tt is assumed that
this station 1s far enough behind the radlator for the
velocity distribution acrocs the duct to be uniform. Then,
from equation 12 of reference 1, tor inconpressible flow,

Pz = Pp N g FAp N <
(p5 DPB) B PR )
ql’z / Iﬁﬁ \\:13 // ;

CONRIDENTIAL
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whence,

" . 2 |
Be -n /i = Ay Apn |
2 APAN Aps PoEro T2
< — =1+ Cpp - Kfmi\ - 2 iz -\ ! (24)
T P \e2 / 153 \Ak3 /|

The solutlion for inconmpressible flow,

hy - h; = p2 - Dﬁ * Gy - Q5
or
/hy - hz Py - D / “r:\a /Ar:\a
_.g_ - \ = __2 5 + {_} -{ (=
dea /. re /o N\ NP3/

Is uced to evaluate \\\ q ) by use of equation (24) as
I)
71
o 2
ry - bz Jra (’Aré\ ,
(—=—=) =1 +cpp, - 23 *\as) (2e)
N2 /. E 3 \12

1

As dilscusced In reference 1, the gquantity Df,/'qraArq

1 o

or Cpe is a drag coefficient. The value of this basic
£
i

friction factor depends on the skin-friction coefficient
and cn the tube length-dlameter ratio., From the definition
of cp,

Dfi
C T —e—eea—
Dfl qrzﬂra

e

ee(2)

The skiin-friction coefficlent c¢p for a ziven fube
devends only on the Reynolds number (references 2 and li).

The addition of heat within a tube has little cffect on
the local Reynolds number because the gquantity pv remains
constant along the tube and, in usual cases, there is

little change in viscosity. Figure 2, which is based on

CONFIDENTIAL
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the relations presented in reference 5, allows cp
and Cpnp, to be obtained for any tube L/¢ ratio for a

wicde range of Keynolds number or macss-flow rate, 4s
indicated in ligure 2, the Keynolds number may e
eviluated cdirectly from the masss-flow rate, the area, and
the viscosity. For usual aponlications the viscosity at
station £ may be used instead of the viscosity at

station ro with negligitle error in the resulting

pregsure-drop evaluation.

The ratio of equation (1) to equation (2) can ke
expressed as

Ap/qr2 _ 1 jﬁ Cpgp ‘ Hes
ve = = ‘10 + - (lr\,r! + 2 — - 1
(Br/aryy, " T+ 0oy [ra  \ligy /) I Pry
\ /1 1 L )

Now
1 _L_\f
Gp-, px': : ey
qrg, - 1 m \e
o5 ()

From reference 1, if dp is small in comparison with qrg’

] N25H
(} + o.zwrgé\
-/

Therefore,

" - 2'5 ~ S
Ap{ = 1 + CDfi .:V-Cra + C'“ bgfi + 2 Pr‘a - l) (5)

Evaluatisn of Equation (3)

The method of evaluation of the terms In equation (3)
for any combination of the known conditions ahead of the
radiator, the mass-flow rate, and the heat-innut rate will
now be discussed.

CONFIDENTTAL
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The lMach number &t the tube entrance Mra, which

anpears in equation (3), cdevends only on the Xnown mass-
flow rate, the known temperature and pressure uat
station 2, and the leak area through the radiator. rrom
fisure 3, Mp, can be obtained directly for any

combination 2f these basic conditions.

The terms Cpp, Cpge,, and fp /Ppr. in eguation (3)
i 2”755
are interdevnendent. The friction drag coefficlient CDf
for the actual operating condition is greater than CDfl’

except when the tube flow 1s cooled apvreciably, as in
the case of charge-air flow through intercoolers. The
ratio Cpp/Cpp, 1s devendent on the values of Mp,

and pPB/pPB' These values govern the increase in dynamic

pressure along the tube and hence determine the drag
force due to skin friction Df under actual operating
conditions. Tn reference 1, an approximate empirical
‘relation was assumed, as follows:

This relation has been found to be inaccurate except
for values of pr2/9r5 near unity. An exact evaluation

of CDf/CDfi has been made for unheated tubes with

the ald of reference 6. Equation 12 of reference 6
gives the following relation between CDe. s MPZ’

and prz/prB, obtained from a solution of the differential

CONFPIDENTIAL



10 CONFIDENTIAL ¥aCa ACR No. LLI23

equation of the unheated flow through a constant-area
tube:

2 : 2
e p”\ &1 /pr5> ()
& = = o) e !
IO Q ’ M pr’a/ 77-°8e \Prz

From equation (10) of reference 1 the corresponding
relation for CDf, based on considerations of continuity

and of momentum and energy changes between the entrance
and exit of the tube, 1s

The ratio of eguation () to eguation (1) has been
evaluated for the complete range of density-ratio values
corresponding to a number of constdmt values of Mp ro

and the results are plotted in figure L.
The vrocedure then uscd in the evaluation of CDf
and prz/pr5 with the aid of figure u, for given values

of CDf and Nra, was as follows:
3

(1) Oon the assumption that Cpp = Cop, s equation 5
i
was used teo obtain an avproximate value of prE/prs.
Figure 5(a) of reference 1 is a solution of eguation 5.

CONTIDENTIAL
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(2) With this value of Prj/Prs, CDf/CDfi W

dGetermined from figure li and a second approximation
for Cpp was thus obtained.

(3) This more exact value of CDf was used and

the procedure was repeated to obtain a third approximation
!
for CDf and prZ/prB.

The values determined from the third approximation
were generally found tc have the desired accuracy.

For unheated tubes all the quantities involved in

the pressure-drop ratio (equation (3)) have been shown
to be functions of only the two fundamental variables CDf
i

and Mp,. The varlable CDri depends on the tube

dimensions and Reynolds number, and the variable Np,
<

derends on the mass flow and state of the air ahead of

the radiator. Both variables cun be simply evaluated

for a given installation, as previously explained, for

the particular design condltions under conslderation.

Equation % has been evaluated for a range of thesc

carameters and the results are nlotted in figure 5.

. Figure 5(a) shows the pressure-drop ratio plotted against N5

for unheated radiator tubes of various CDf1 values.

When heat is sdded to the tubes, the density ratio
pra/pr3 i1s Ilncreased and the drag coefflcient Cpg 1s

correspondingly increased for a given mass flow. 1In the
evaluation of CDf for the heated condition, the

ratio Cpp/Cp, ~ from figure L was assumed to be the

' ' 1

same, at a given Pr2/9r3 and Mpy, &s for the unheated

condition for which figure L is exact. This assumption
is believed justified rfor practical purposes. If heat
were added uniformly at low snme=d, linear rzduction in
density due to heating would occur along the tube. For

a given value of Pr2/9r5, the ratio CDf/CDfi would be

greater for & heated tube than for an unheated tube
because of the nonlinearity of the density variation for

CONFIDENTTAL
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the unheated tube at the higher Mach number at which the
unheated tube would have to operate to give the same
prz/prB value as the heated tube, Results based on the

assumption that the drag-coefficient ratio is the same

for heated or unheated flow will thus tend to underestimate
the required nressure drop when heat is added. The

probable error will be seen to be small for usual

operating conditions because the vressure-drop ratio Ap/Ani

1s not critically dependent on the value of CDf for

these conditions. The tube Mach number for these conditions
is generally well below the critical, and the density
variation along unheated tubes then avpproaches linearity.
The assumntion made in calculating Cpg for the heated

condition would therefore not be expected to result in
appreciable error when the entrance Mach number 1s well
below the critical.

The relationship among Cpp, Mrp, and prz/pr5
for heated tubes 1s given in filgure 5 of reference 1 for

15 E arar —H_
constant values of the heat-input parameter Cpngrg'
This figure was used with figure . as described for the
unheated condition to obtain corresponding values of CDfi,

. N H
Cpp» and Pry fPrz  for constant values of SoEnTrg
Values of Ap/Ap; were then comnuted from eguation 2 and
are shown in figures 5(b) to 5(g). Each part of figure 5

corresponds to a constant value of . As dlscussed

cpgmTrp
in reference 1, for the incompressible condition,

H AT

CpngrZ - Tr'?_

Interpolation will be required to determine Ap/Api for

values of the heat-input parameter intermedliate to those
for which the curves were derived. The heat-input
parameter may be evaluated from the following relation
derived on the assumotion that vz 1g small in comparison
with Vrs:

H _ ' 2\ 6
EEEET;E = 0.1293 R 1 + O.ZMrZI) (6)

CONFIDENTIAL
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The results shown in figure 5 indicate that appreciable
comvreszibility effects on the radlator oressure drop
exist even at relatively low entrance Nach numbers,
varticularly for tubes of large values of L/d (large
values of CDfi) and for installations in which

high ratzs of heating are used. The limiting values
shown on the curves correspond to the attainment of sonic
velocity at the tube exits. ©No increase in mass flow
through the tubes can be effected by lowering the exit
nressure below the liniting value corresponding to sonic
exit velocity. 7Tt is interesting to note that this
limiting condition occurs at Mp, = 0.48 for an unheated

radiator tube of CDfi = 1.2 (fig. 5(a)), which corresponds

to a 0.196-inch diameter tube with a tynical value of L/d
af about 60 for standard conditions ahead of the radi-
ator (tig. 2).

The curves of figures 5(b) to 5(g) inclucde the
effects of both heating and Mach number; that is, the
figurecz as given show the net effect of compressibllity
(density change) on the pressure drop. If zevarution of
the two effects 1s desired, the Mach number eflfect alone
can be cdetermined from figure 5(a) for comparison with
the net effect for the heatced condition.

General avnplication of Equation (3)

Test data for radiators sare rrequently given in
terms of P> - Pz, Py - pr3, or hy - h5, rather than
2 2 : 2

in terms of hp - pr5, which was used in the present

analysis. The absolute values of the vpressure drop vary,
depending on the definition, by 5 to 15 perccent in usual
cases. The ratio Ap/Ln;, however, can readily be shown
to be essentisally the same for all the definitions of the
nressure dron. rligure 5 may therefore be used to evaluate
the comoressibility effects for other radiator vressure-
drop definitions as well as for hy - bn._.

2

Once the ratio Ap/4p; 1is obtained from Iigure 5
S
cpgmTy,”’
the pressure drop lor compressible flow may be obtained

for the deslgn values of CDfi’ Mpros and

CONFIDENTTAL
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from en eveluation of the vressure dren for inccomprensible
flow. ®or this purncse, usc of test datu for the unheated
radiator obtained with wnderate rates of air flow (low
Mach numbers) is zenerally deszirable. Tnis value of the
nressure Crop is then correctea to the design mass-flow
and Reynolds nurber conditions in the uznal aamuner without
allowance for comorecsihility effects. Vith Ap; so

determined, thie correct pressure drop is computed from

f A .
An = *L—) ADy (7)

“"“l b
COMPTARISON O THLORETICAL RESULTS WITH EXPERINENTAL DATA

A lirited amcunt »f test data on the vrescure Adrop
In unheated tubes at Mach numbers up to the critical
Is available from references 7 and L. 5imilar data for
harated tubes are not available. The available data will
be analyvzed and put into such form that direct comparison
can be made with the theoretical results shown by the
curves ol figure 5(a).

Exverimertal data from reference 3.- Reference 3%
presents prescure-arcp aata for cylindrical tubes of
circular section wilth rounded entries. alr was admitted
from a larze reservolr at atmospheric pressure. The
pressure at the exit was progressively reduced until the
limiting flow conditisn was attained. The measured mass-
flow rate was exnressed nondimensionally as my/mep. This

term is the ratio of the actual mass flow through the tube
to the mass flow that would exist ir sonic velocclity were
attalned at the tube entrance. This parsmeter may be

expressed in terms of the entrance lach number as

Pressure data from reference 3 for 20-millimeter-diameter
tubes with L/d = 10 and L/d = 50 are given in table I,

Values of Mps corresvonding to equally spaced values of mﬁ-,

-

for which the pressure data were tuken [rom reference 3,

CONFIDENTIAL
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are listed as column 2 nf table T. The maximum values of
m/mer and WV¥p, shown in table I were the highest that

could be attained in the tests regardless of the outlet
pressure and represent the condition at which sonic
velocity was reached at the tube exits.

In computing the values of Ap/Ap; from the experi-
mental data, equation 2(a) was used; that is

i N2
tp; @ m o (=)

and, since p, was a constant in the tests of reference 3,

K &2

An p2

421 ] (T/mcr>2

The experimental values of columns (1) and (3) were used
to determine the value in column (Li) of table I. The value
of ¥ was then chosen to make the experimental value

of Ap/Av; at the lowest test speed (MPE = O.2h0) agree

with the theoretical value obtalned from figure 5(a) for
this low speed. The resulting experimentsal values
of Ap/Api are shown in column 5. The theoretical values

of Ap/Api shown in cd2>lumn 7 for comparison with these

experimental results were taken from figure 5(a) for the
values of Nrs of column 2 and for values of Chg.
i

computed from figure 2 for 20-millimeter-diameter tubes
with L/d = 10 and L/d = 60. Standard atmosnheric
entrance conditions and mass-flow values corresponding

to njmgp are assumed. The results shown in colunns 5

and 7 are plotted against Mp, in figure 6.

The agreement between the pressure-drov ratios for
the theory presented and for experiment will be seen to
be unusually close. The limiting flow condition, in
which sonic vclocity was attained at the tube exits, was
also accurately poredicted by the thecry.

CONFIDENTIAL
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Experimental data from reference li.- The data given
in reference [} were obtained with a cylindrical pipe
0.375 inches in ciameter and ten feet long. ZExtremely
hizh pressure drons were required to induce high-speed
flow through the tube because of its unusually high L/d
ratio of 320. Tnlet nressures of several atmonspheres
were used. The tests consisted of measurements of
pressure distribution along the vine for four combinations
of inlet pressure and cutlet pressure. The results of
the tests were analyzed in reference lp to determine values
of the effective frictlon coefficisnt cp. The value

of cf was found to be independent of the Mach number

and to depend on only the Feynolds number, as assumed in
the present report; furthermnore, the values of Reynolds
number and c¢# were virtually the same at all stations
along the tube, as was assumed In the present analysis.
Values of Chry from ths test data agreed with

theoretical values from figure 2 to within L percent.

In evaluating experimental values o the over-all
pressure-drov ratio A4p/4ip;, Av;  was calculated from
equation (2a) as

/ . N2 /
- 1 m L
881 7 Qﬁpp_) \/Ara) N wa&)
hY

The basic data required for evalunation of Aoi from
this form of equation (2) are listed in reference 3.
The over-sall »nressure dror Ap &nd the Mach number MP2

were obtained directly from tabulations nf the pressures
and the Mach number in reference 3. 4 comparison of the
test values of Apn/Apgy with theoretlcal values taken

from figure 5(a) is shown in the following table:

Exnerimental i Theoretical
oL z | |
P2 v, | CDfi ap | ap Ap
(1b/sq ft)|] “2 | (1b/sq ft)i tpy ADjg
| ! 1
S i ' - i t
L,146 '0.270 | 5.8, | 2,07 | 147 | 1.51
7ih22 i .308 f 3.9& 5:&13- } 82,02 | 82,09
16,179 1 .327 | L1394 11,891 P E2,16 82,11
17,607 | .297 | 4.1 75555 bo1.51 1.49 |

83onic velocity attained at tube exit.
CONFIDENTIAL
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Good agreement between theory and experirient is shown.
The accuracy of the theoretical curves of figure 5 has
been verified for the conditions of extremely high inlet
pressures, as well as for the more usual conditions
(atmospheric inlet pressure) cxisting for the tests of
reference 3, which are siown in table I and figure 6.

As a matter of further interest, a check on the
validity of the present theory may be made by computing
the pressure distribution along the tube and comvaring
the results with the experimental data. These calculations
were made by use of the present theoretical method, in
~#hich the pressure aroos were comnuted for tubes of the
same dismeter (3/8 inch) as the test model but of lengths
varying from 1 to 10 fect. The computed pressure drop
for a tube 3 feet long, for example, was compared with the
measured pressure drop Irom the tube entrance to the
3-foot station. The theoretical pressures obtained from
these computations are compared with experimental values
In figure 7. Reasonably good agreement will be noted for
all four test conditions,

A ovrincinal assumption of the present theory was
that the velocity profile across the tube section was
uniform at all stations along the tube. The results of
the comparisons in table I and in figures 6 and 7 indicate
this assumption to be fully justified. 1In the analysis
of reference 7, in which account was taken of the
velocity-profile shape, a similar conclusion was obtained
theoretically.

EXAMPLE OF USE OF CURVES

The use of the curves will be illustrated by
calculating the pressure dron for an oill radiator for
typlcal operating conditions. The dimensions of the
radlator are as follows:

Diameter, inches . . . . . . ¢« « « ¢ « v « o . . 12
Duct diameter, inches . . . ¢« « ¢« v « v « « « « . 12
Tube length, inches . . . . . . . « « « ¢« + « . . 12
Tube diametcr (inside), inches , . . . . . . . . . 0.196
Tube diameter (outside), inches . . . . . . . . . 0.210
Number of tubes . . . . . . . . + « « « « +« « + . 1900
Free-flow areca, hpp, square fect . ., . . . . . . 0.397
Duct area, Ap and Az, square feet . . . . . . 0.785

CONSIDENTIAL



13 CONFIDENTTIAL  NACA ACR WNo. LLI23

Rasic radiator performence data.- Performance data
for the radiator are shown in figure 8 in the form that
is most generally used. The alr pressure-drop cata given
in curves of this tyve are frequently of limited value
because the pressure drov is not adeyguately defined and
becsause the test conditions under which it was measured
are not stated. a3 previously discussed, the pressure
c¢rop may be measured by any onc of at least four methods.
It is obviously necessary to state which method was used.
Pressure-drop data for the unheated radiator are valuable
because they can be conveniently corrected to actual
overating conditions by analytical means. Data for a
specific heated condlition are inconvenient to use because
they must first be ccrrected to the unhested condition.
Thz very wide vuariution of the heat-inpul parameter
encountzsred in actusl installations makes it unlikely
that the test values of this puramcter will coincide with
the required design value.

Assumed operating conditions.- The following assumed
operating conaitions &0y to a tynical oill-cooler
installation in gn airnlane Clying in stuncdard sea-level
air at a speed of the order of [,00 miles per hour:

Air temmerature at station 2, °F . . . . . . . 38
Air preszure at station 2, ),

nounds per square foot,absolute . . . . . . 2550
Air density at station 2, pp,

slugs ver cublc foot . . . . . . . . . . . . 0,00272
Average oil temverature, °F . . . . . . . . .. 200
711 flow, vpounds ner minute . . . . . . . .+ . . 120
Heat rejection, H, 3tu ver second « & & o . . . 75

The heat rejected per minute ner hundred degrees
temperature dilifference between the ©0il and the inlet-air
stagnation temperature 1is

60 x 75 x 100
200 - 8§

= [,020 Btu per minute ver 100°F

With this value, the weight flow of air required is found
in figure 8 to be [62 pounds ver minute. The mass flow
is

= 0.23%3G slugs vper second
CONFIDENTTAL
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The reguired mass flow will deviate slightly from this
value 17 tre tube Reynolds nwiher vories from the ftest
conditions of figure 8. On the basis of the prc-
portinnaiity relationshin bevreen the heat-transfer and
skin-friction coeflicients, the change in skin-friction
coefficient with Reynolds nwiber (fig. 2) may be used to
estimate the corresponding chinge In heut-transfer
coefiicient and hence to determiine the change in mass
flow regquired,., This efllect 1c wsually slight and, since
only the maess-flow determinabion is involved, 1s considered
to e ouvsldz the scope ol the prosent report and will
be neglected.

Caleculation of friction drag ccefficlent, CDf .-

The tube “eynolds number is

R = Jad
A
a.xlﬁap,

nzo v 2196
_ 0,239 x —3%

0.397 x 3890 x 10~

10C

i

25,300

ure 2, for this value of feynolds number and for

cp = 0,0057
and

C

D I x 61.2 X 0.0057
.
1

1.0

Calculation of Mach number.- The use of the curvcs
of figzvre 5 requires the Lach nmunbe Mre at the tube
entrance, FPigure 3 gives MPZ Cirsctly in terms of the
known flow conditions shead of the radiator; thus,

CONFIDENTIAL
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m2p° 2 0.229 x (Lén =+ 89)°"?

ap 0, 0.397 x 2550

= 0.055)

Vith this value, the Mach nunber is found from figure 3
to be

= i I
Mr 0.138
Calculation of heat-input parameter.- The rate of

heat input is snecilied on the curves of figure 5 by the
nondimensional parameter P/Cnmerz This quantity is

evaluated from equation {(6) as

4 [
SomTeg — 01297 52 29 . 51&3) {} + 0.2(0.198) J

= 0.074

Comnressibllity effect.~ The pressure-drop ratio
tp/Avpy 1s taken from figure 5 for Cpp, = 1.Lo,

Mrz = 0.158, and O : S 0.07L. 1Interpolation between

CpngrZ
the curves of figure 5(b) and figure 5(c) is necessary
because the heat-input Oarameter i3 intermediate between
the values for these two perts of figure 5. The pressure-
ratio value obtained is

e 1.1
Ap; -7

For thls case, the effect of comorezsibility is to
increase the vressure drop 17 percent above the value
for incompressible flow. In order to compute the actual
pressure drop 4p, Apgy must first be obtalined.

Calculation of 4Aps.- The basic incompressible-flow

value of the opressure drop can be obtalned from low-speed
test data or from calculations based on the radiator-tube
friction coefficients shown in figure 2. The method

CONFIDENTIAL
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involving the theoretical calculetions requires the use
of equstion (2d) because the test vressure-dron data for
the present example is In terms of pp - Pz . Prom

, o
equation (2d), therefore, since Ay = Az and —£ = 0.506,

b2
/ m) (Pz - p;)
Qp- - dp.
(\rg 1 ra i

1+ 1.0 - (0.506)
= 1.64

2 B sl
- 210.506 - (0.506)

H

Thls comnuted value of ADi/qrg will now be comrared with
i
the value obtained from the test data of rigure 8.

For s« preszsure arop of 5 inches of water, the flow
may safely te considered incompressible. At this test
condition the weight flow 1g 197 pounds n»er minute,
Therefors,

- 197

Tii — ————————ean

32,2 x 60

1]

0.102 slugs rer second

and, for incompressible flow,

REA )]

whence, for m = 0,102,
9‘1_\) = 5 x5.21
Ar. 13.9
\ /

= 1.87
CONFIDENTIAL
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This value is greater than the previously calculated
value for m = 0.239 ©because of the lower tube Reynolds
nunber at Ap = 5 inches of water (m = 0.102). The
Reynolds number for this low mass flow 1s

mad
R= Apoi
0.196
0.102 x B

0.397 x 3950 x 1070

1

10,600

The value of the tube friction-drag coefficient for this
mass flow is, from figure 2,

i

\ L x 12 x 0.0068
<?Dfi‘m = 0.102 s

= 1.56

The value of CDfi for the design condition has

been vreviously comnuted as 1.40. The correction to be
apolied to the low-sneed test value of the pressure drop
(see equation (2)) is qr2(1.66 - 1.L0); therefore,

<?p = 1.87 - (1.66 - 1.407

St .

= 1.61
This result, based on the test data, compares very
satisfactorily with the value 1.6, vpreviously computed
from equation (2b) and equation (7).

The value of Ap:

;5 for the design condition 1s

apy = 1.6k (QPg){

CONFIDENTIAL
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1 n N
Aps = 1.6l x = —
ol | ! .ﬁ})’d (\ra/)
= 1.6l x 1 (b'259 3
t 2 X 0.00272 \9'597/

110 vpounds per square foot

i

Calculation of An.- The value of the pressure drop
corrected for couwrressibility is, finally,

Ap
&P = Fpy X 4Pt
= 1.17 x 110

I

129 pounds per squares foot

e
ct

Altitude =ffe
illustrative exa.n

.~ The calculastinne made in the

e for standard sea-level ceonditions
have heen rcerected for ctandard conditilons at an altitude
nl 20,000 feet. The same hieat rejection, rate of oil
flow, oll temperature, and airplane specd were assumed
for both cases. The results obtained in the two cases
are cowpared in the fnollowing table:

i

Nyt | Sea | 30,000
dvantlty ' level feet
Alr tempersture, tp, OF 88 -19
Air pressure, pp, 1b/sq ft 2510 795
air density, pp, slugs/cu ft 0.00270 0.00105
Heat rejection, 3tu/min/100°F 1020 2055
Mass flow, slugs/sec 0.239 0.070
Reynslds number 25,200 8720
Friction cocfficlent, CDfi 1.40 1.72
Kach number, Mpo 0.198 0.165
Heat-innut factor, H/cpgmTro 0.07L. 0.31lL
Pressure drop with compressibility
neglected, Ani, 1b/sq ft 110 29
Pressurc drop corrected for com-
pressitility, Ap, 1b/sg ft 129 Li
Conmressibility correction,
rercent  Apj | 17 L1

CONFIDENTT AL
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The compressibility effect is shown to increase
from 17 rercent at sea level to 41 percent at 20,000 feet
for the tyvical »il-radiator installation assumed in the
exarmple. Tt 1s of interest to note that the oil-cooler
tube Mach number is somewhat less at altitude than at
sea level., A very large increase in the heat-input
parameter occurs, however, because of the decrease in
mass flow required and the heating effect therefore
becomes very large.

Other tyves of cooler installation freguently require
an increasing value of Npp with szltitude. 1In the case
of etnylene-glycol radiators, for example, the Mach number
effect generally becomes very large at altitude and, in
many cases, makes it Imrossitle to obtain adequate
cooling-air rlow.

Surmary of method.- The stens required in the use
of th: curves ol figure 5 to obtain the corrected value
of the pressure drop are summarized as follows:

(1) Determine the vressure, temperature, and density
of the air ghead of the radiator and the heat to be
dissinated.

(2) Obtain the required mass flow of cooling air
from the usual heat-dissipation data for the radiator.

(3) Compute the Reynolds number of the tube flow
and obtain the friction drags factor chi from figure 2.

(L) Obtain the Mach number of the tube flow Mp,
from rigure 2.

(5) Evaluate the heat-input factor H/cpgmTry by
equation (6).

(6) 7rom figure 95 with these values of CDfi, Mros

and H/cpgnTpp, obtain the pressure-drop ratio Ap/ang.

(7) Comnute Apj; from equations (2) or cobtain it
from low-sneed test data corrected to> the design
Reynolds number.

(8) Evaluate Ap by multinlying £&py by the
oressure-drop ratio Ap/Av;.

CONXIDENTIAL
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CONCLUSION

Simrle curves are presented by which the basic
nressure-drop characteristics of unheated tubular
radiators can be corrected to operating conditions In
which tlie racdiabtnr is heated and in which the Mach number
of the tube flow is of appreciable magnitude. The
following conclusions are indicated:

1. The accuracy of the simnle method presented for
evaluating the compressitility effects is verified for
unheated tubes for the comnlete range of attainable flow
(tube exit Yach numbers frow O to 1.0) Ly exverimental
data from two sources.

2. The effects of conpressibllity (dens'ty ch.ange)
on the rressire drov reguired to provide a given mass flow
of cooling alr th-owgq a tubular radiazter arc shown to
be of aprrecieble msgnitude vnder uresent-day operating
conditions, Cai::WG*’wns for a vypical cll-conler
Installatinon indlicated Lhat the cumvpressibility effect
increased tue prossure Croap by 17 rercent at sea level
and by L1 »nercent at an altitude of 37,000 ieet.

Lengley iMemorial heronzutical Laboratory
Netional Advisory Committec for Aeronautics
TLungley Tield, Va.
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TABLE I
ANALYSTS OF DATA FOR 20-MILLIMETER-DIAMETER

TUBES FROM REFERENCE 3

}
Experimental i Theoretical
‘ Ap
_m_ e, &p P2 ap_ | Dy | ap_
Mcp 0 G“ﬁmcr)a ADy Apy
L/d = 10

0.4L0 [ 0.2L0 0.050 0.312 1.05 0.171 1.05
A5 273 .065 .320 1.08 .166 1.07
.50 .307 .030 .320 1.06 .161 1.09
.55 ho 100 531 1.11 .158 1.11
.50 L5775 .120 .33 1.12 .15L 1.14
Nee [13 155 BLL | 116 181 | 1.17
.70 158 .17) .357 1.20 .148 1.22
.75 .502 .210 .37% 1.26 16 1.27
20 .553 .255 .399 1.3 .1L5 1.34
.85 .610 .315 L36 | 1.07 A1 1.Ls
.50 678 100 153 1.6 .1%9 1.65

2,92 .728 .550 i .6zo 82,16 i .128 2.01

L/d = 60
]

0.40 0.240 0.085 | 0.530 1.10 1.026 1.10
45 273 .110 5013 1.132 .996 S 1.132
.50 .307 .140 .560 1.17 .66 1.17
.55 .3l2 .175 .578 1.20 .9L8 1.22
.60 .378 .220 612 1.27 .92 1.28
.65 18 275 .650 1.ﬁ5 .90 1.36
.70 158 o .69 1.45 .888 1.47
.75 .502 .81 1.70 876 1.73

a,77 522 | 1.062 [a2.22 .870 82,20

83onic velocity attained at tube exit.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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